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Abstract: The current study investigated the hemostatic effect of dual wavelengths on in vivo
leporine kidney tissue using 532-nm and 980-nm laser systems. Three irradiation modes, 532
nm, 980 nm, and dual (532 and 980 nm) modes, were compared to test non-contact photothermal
hemostasis on 36 bleeders in the kidney models. Each bleeder was flushed with saline during the
irradiation. The dual mode achieved complete hemostasis more rapidly than the single modes
(4.0+ 1.4 s for dual vs. no hemostasis for 532 nm and 10.0+ 1.3 s for 980 nm; p < 0.001).
Application of 60 W from the dual wavelengths expanded the surface area of the thermal lesion
(up to 60%). In vivo dual-wavelength irradiation achieved more rapid and complete hemostasis
with ~2 mm coagulation depth than the single-wavelength irradiation.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Benign prostate hyperplasia (BPH) is the enlargement of stromal cells in the transition zone
of the prostate, which commonly occurs in aging men. Various surgical modalities have been
used to alleviate lower urinary symptoms related to BPH for resection or coagulation, including
transurethral resection of the prostate (TURP), transurethral microwave thermotherapy (TUMT),
and high intensity focused ultrasound (HIFU) [1]. Among the thermal modalities, 532-nm
laser prostatectomy (photoselective vaporization of the prostate) has been widely accepted as
a minimally invasive treatment for BPH because of selective light absorption by hemoglobin,
leading to less complications than TURP [2]. Since the prostate has high vasculature, surgical
urologists sometimes encounter venous or arterial bleeding during the laser prostatectomy, and
the incident rate of intraoperative bleeding is up to 10% [3—-5]. A number of techniques, such as
increasing working distance (i.e., lowering irradiance) and rotating a fiber swiftly (i.e., reducing
fluence), have been proposed to handle the bleeders effectively [6,7]. However, arterial or deep
bleeding is difficult to control as the bleeder is associated with pressurized flow (pulsatile) or
deeply located inside the prostate (2~3 mm below surface) [7]. Once the excessive bleeding
continues and impedes vision through a cystoscope, the urologists may have to stop the procedure
and convert to electrocautery to achieve complete hemostasis. In fact, the conversion to common
hemostatic devices is quite cumbersome and may increase the procedure time.

The laser wavelength determines the degree of light penetration into tissue [8]. As hemoglobin
strongly absorbs 532 nm light, highly vascularized prostate can experience a rapid temperature
increase due to a short optical penetration of 0.8 mm [9-11]. However, the outflowing blood
from a bleeder can significantly absorb and scatter the incident 532 nm light during hemostatic
procedures. Thus, the remaining light cannot increase the temperature in a bleeder or reach a
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deeply located bleeder, leading to incomplete hemostasis. To overcome the inherent limitations
of 532 nm, our previous study combined 532 nm with a clinically available infrared wavelength
of 980 nm in a perfused tissue model [12]. The infrared wavelength has a long optical penetration
depth (up to 5 mm) but suffers from slow heating due to lower light absorption (e.g., 0.43 cm~! at
980 nm) [13]. Presumably, the combination could compensate for the limitations of the individual
wavelengths by enhancing thermal effects. Specifically, 532 nm can coagulate the outflowing
blood and increase tissue surface temperature rapidly whereas 980 nm can coagulate deep tissue
simultaneously. Hwang et al., reported that the combined wavelengths created a wide coagulation
region and presented a rapid and complete hemostasis, compared to a single wavelength [12].
However, the preliminary bench study was performed in an ex vivo tissue model and merely proved
the concept of the combined wavelengths for photothermal hemostasis. Therefore, the aim of the
current study was to investigate the feasible application of dual wavelengths for the complete
hemostasis in in vivo leporine kidney models. It was hypothesized that a combination of the two
wavelengths could facilitate photothermal hemostasis due to rapid increase and wide distribution
of temperature in the bleeding tissue. The hemostatic effects of three irradiation modes on the
in vivo tissue were determined from the hemostasis time, extent of thermal coagulation, and
numerical simulation.

2. Materials and methods

The current in vivo study used two laser systems with clinically available wavelengths for laser
prostatectomy: 532 nm [quasi-continuous wave (cw) mode, GreenLight XPS, Boston Scientific,
Corp., San Jose, California] and 980 nm (cw mode, custom-built). Two end-firing, 600-um
multimode, optical fibers were used to deliver each wavelength to a bleeder (defined as bleeding
site) in a kidney. A hand-held device was made to integrate the two optical fibers and to firmly
position them over the kidney tissue surface. Figure 1(A) shows images of the designed device
(left and right top) and the overlapped irradiated spot (right bottom). The device was fabricated
to deliver both the wavelengths to the same spot on the tissue surface. The two fibers were tilted
at 18° and —18° for delivery of 532 and 980 nm, respectively, in order to emulate the irradiation
angle of a side-firing fiber that is clinically used for laser prostatectomy. Each fiber was inserted
into a channel at the end of delivery applicator (conical shape) to deflect the light coming from
the fiber to the tissue. The distance between each fiber tip and the tissue surface was maintained
at 3 mm as the maximum working distance used for clinical prostatectomy [7,14]. Both the fibers
irradiated the equivalent beam spot in an elliptical shape (area = 1.8 mm?) on the tissue, which
was larger than the bleeder size (1.2 mm?). A channel in the middle of the integrated device
supplied saline (room temperature) at 4.4 ml/min to the bleeding lesion for convective cooling
and clear visualization during the laser irradiation. It was visually confirmed that the saline
rinsing alone showed no impact on hemostasis during the tests.

Figure 1(B) presents an experimental set-up for in vivo hemostasis testing with various
irradiation modes. Six 2-month-old female New Zealand white rabbits (Hana Biotech, Suwon,
South Korea) were used to simulate bleeders in kidney models. The kidney model was selected
to represent glandular tissue with high vasculature that can lead to a severe bleeding condition
[15-17]. All animal experiments were conducted in accordance with the guidelines of the
Korean National Institutes of Health. The protocol was approved by the Institutional Animal
Care and Use Committee at Pukyong National University (Permit Number: 2016-15). Before
the testing, each rabbit was anesthetized by injecting 2 ml of Zoletil (Zoletil, Virbac, Carros,
France) into the muscle. The rabbit underwent laparotomy with surgical instruments and was
covered with a sterile cover to expose the kidney surface. A 1.5-mm diameter and 7-mm long
biopsy punch (Disposable biopsy punch, Kai Medical, Seki City, Japan) was used to create
a 7-mm deep bleeder in the kidney (three bleeders per kidney; total N =36). Each bleeder
was created before laser irradiation. The current study selected 20 W for 532 nm and 40 W
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Fig. 1. In vivo hemostasis experiments: (A) integrated device for light delivery and (B)
experimental set-up with kidney tissue

for 980 nm for the testing, based upon the previous dosimetry study in order to minimize the
animal usage [12]. Three different irradiation modes were evaluated to achieve photothermal
hemostasis: 20 W at 532 nm only, 40 W at 980 nm only, and simultaneous irradiation of 532 and
980 nm (i.e., dual-wavelength mode = 20-W 532 nm +40-W 980 nm). The selected power levels
solely accompanied thermal coagulation without tissue ablation. During the preliminary tests
(unpublished), it was observed that higher power levels for each wavelength (i.e., higher than 20
W for 532 nm and 40 W for 980 nm) started to yield both coagulation and ablation concomitantly,
aggravating bleeding. After punching, significant bleeding was visually confirmed and then,
the bleeder was irradiated with each mode. The bleeders were randomly selected to minimize
the effect of local perfusion changes in kidney on hemostasis. During testing, the bleeder was
irradiated for 2 s, and then, the hemostatic condition of the treated bleeder was visually checked
for 1 s in order to identify the inception of complete hemostasis. Coagulation time was measured
and defined as the total time when the bleeding ended (complete hemostasis). Based on the
preliminary animal testing, irradiation time longer than 14 s was considered “no hemostasis”
as the longer irradiation aggravated the bleeding condition. Each mode was tested ten times
(N = 10) for statistical analysis.

After laser treatment, the top surface of each sample was photographed using a digital camera
to assess the spatial distribution of thermal coagulation. The area of the thermal lesion was
defined as the area with discoloration including carbonization and coagulation around the bleeder.
The area from each sample was measured using Image J (National Institute of Health, Bethesda,
MD). Then, each treated tissue was fixed in a 10% neutral formalin solution for histological
analysis. All the histology slides were stained with hematoxylin and eosin to evaluate the extent of
the irreversible thermal coagulation at the bleeding site. Image J was used to measure coagulation
depth (axial length from bottom to top of coagulated tissue) and width (lateral distance from
inner wall of punctured bleeder at surface level) for each treated sample. For statistical analysis
(unpaired data), the Mann Whitney U test was performed as a nonparametric method by using
SPSS software (SPSS Inc., Chicago, USA), and p < 0.05 represents statistical significance.

Numerical simulations on distribution of temperature and thermal injury were performed to
theoretically validate the thermal effects of three irradiation modes on kidney tissue by using a
bioheat transfer equation as follows [12,18,19]:

oT
pes + V(=KVT) = pyesop(Th = T) + eglo - eXP(—pief - 2) (1)
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where p (kg/m?), ¢ (J/kg-K), k (W/m-K) are density, specific heat, thermal conductivity of
kidney tissue, respectively, T (K) the local tissue temperature, t (s) time, pp (kg/m?), ¢, (J/kg-K),
and ky (W/m-K) density, specific heat, and thermal conductivity of blood, respectively, Ty, (K)
the temperature of arterial blood, peg (cm™") the effective attenuation coefficient, Iy (W/cm?)
the irradiance at the surface, and z (m) tissue depth. Effect of metabolic heat source was
assumed insignificant during the simulations. The initial tissue temperature was 37 °C, and the
threshold temperature of thermal coagulation in tissue was defined as 60 °C [8,20]. Both thermal
and optical properties for kidney tissue were retrieved from previous studies [18,21,22]. The
Arrhenius equation (i.e., first order thermal-chemical rate) was also used to describe the degree
of thermal damage in tissue, by using a dimensionless parameter, Q [8]. The parameter depends
on temperature and irradiation time, which can be defined as follows:

Q=A /T exp[_Ea/R . Tldt (2

o

where A (s!) is a pre-exponential factor, 7 (s) irradiation time, E, (J/mol) activation energy,
and R (J/mol-K) universal constant. 63% of tissue undergoes irreversible thermal damage
due to temperature increase when ) becomes 1 (corresponding temperature = ~ 65 °C [6]).
Quantitative differences in the coagulation dimensions (depth and width) between the simulation
and experiments were evaluated to validate thermal responses from various irradiation modes.
The differences were estimated by using the equation (ED-SD)/SD, where ED is the experimental
dimension and SD the simulation dimension.

3. Results

Figure 2(A) demonstrates a comparison of coagulation times for three irradiation modes. 532 nm
mode resulted in no hemostasis, as bleeding continued after 14 s of irradiation (280 J delivered).
980 nm mode achieved photothermal hemostasis after 10.0 + 1.3 s (400 J delivered), but in three
out of ten samples, the 980 nm treatment failed to stop bleeding. Dual mode yielded the shortest
coagulation time (4.0 + 1.4 s; 240 J delivered) with complete hemostasis (p < 0.001 vs. 532 nm
and 980 nm). Table 1 shows a summary of hemostasis results for the three irradiation modes.
Figure 2(B) compares thermal lesion areas after the three irradiation modes. Top view images of
the treated leporine kidney with each mode are shown. Whitish regions represent coagulative
necrosis (CN), which shows the irreversible cell death resulting from thermal coagulation. Black
discoloration represents superficial carbonization (CB), where presents excessive tissue heating
over 150 °C [8,13]. Coagulative necrosis occurred for all modes, whereas the 532 nm mode
solely involved partial carbonization on the tissue surface, possibly resulting from localized
overheating of blood. The 532-nm mode yielded the smallest thermal lesion area, while the dual
mode created a 60% wider thermal lesion area than 532 nm (12.2 + 1.2 mm? for 532 nm and
19.5 + 2.1 mm? for dual; p <0.05). No statistical difference in the thermal lesion area was found
between 980 nm and the dual mode (p =0.09).

Table 1. Summary of photothermal hemostasis in kidney model

Wavelength Sample Size Hemostasis Time (s) [range]

Complete / Incomplete

Control 6 0/6

532nm 10 0/10

980 nm 10 7/3 10.0+ 1.3 [8~12]
Dual 10 10/0 4.0+1.4[2~6]

Figure 3(A) shows histological images of leporine kidney tissue after laser coagulation (top:
10x and bottom: 40x). Yellow dotted lines represent the region of the coagulated tissue (by
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Fig. 2. Comparison of hemostatic effects for three irradiation modes: (A) coagulation time
(**p < 0.001 vs. 532 nm and 980 nm; N = 10) and (B) thermal lesion area measured from
tissue surface. Inlets represent top-view images after irradiation (*p < 0.05 vs. 532 nm;
CB = carbonization and CN = coagulative necrosis; N = 10)

pathologist). Both 980 nm and dual modes showed deeper and wider coagulation areas than 532
nm. The bottom images at a higher magnification confirmed transformed cells and blood clots
(hemorrhage) inside the tissue for the three modes. It should be noted that unlike the top-view
image in Fig. 2(B), histology images from the 532 nm mode hardly showed carbonization in
the tissue. Figure 3(B) presents a comparison of the coagulation dimensions (depth and width)
quantified from the histology images. The dual mode created 48% deeper and 30% wider
coagulation dimensions than the 532 nm (depth: p < 0.05 and width: p < 0.01). The difference in
the coagulation widths between the 532 nm and the dual modes well corresponded to that in the
thermal lesions [Figs. 2(B) and 3(B)]. Despite the longest irradiation time [Fig. 2(A)], 532 nm
created the smallest coagulation area [Fig. 3(B)], which agrees with the smallest thermal lesion
as shown in Fig. 2(A). No statistical difference in the coagulation dimensions was found between
the 980 nm and dual mode (depth: p =0.30 and width: p =0.73).
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Fig. 3. Histological analysis of treated kidney tissues: (A) histology images (top: 10x and
bottom: 40x) and (B) measured coagulation depth and width (*p < 0.05 and **p < 0.01 vs.
532nm; N =10). Note that red and yellow arrows represent hemorrhage and transformed
cells, respectively.

Figure 4(A) demonstrates numerical simulation results to presents the effects of three ir-
radiation modes on temperature (left) and thermal injury (right) distributions in the kidney.
The corresponding irradiation times were 14 s for 532 nm, 10 s for 980 nm, and 4 s for dual
mode, based upon the coagulation data [Fig. 2(A)]. White dotted lines represent the threshold
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temperature for tissue coagulation [8,13]. The 532 nm mode showed a shallow but wide
temperature distribution. Conversely, the 980 nm and dual mode created a relatively deeper
and wider temperature distribution. According to the simulation results, the maximum surface
temperature was 100, 110, and 130 °C for the 532 nm, 980 nm, and dual mode, respectively.
The white dashed lines (2 =1 in the thermal injury images) represent a boundary where the
irreversible thermal coagulation occurs [8,13]. The dual mode induced a larger area of thermal
coagulation than the 532 nm mode. However, both the 980 nm and the dual modes presented
comparable coagulation areas. Figure 4(B) compares spatial changes in Q as a function of tissue
depth for the three different modes, which were measured from the midline of each thermal injury
image in Fig. 4(A). Evidently, the 532 nm mode yielded a shallower distribution of thermal injury
whereas the dual mode expanded the thermal injury up to 2.8 mm. Figure 4(C) quantifies the
coagulation differences between the simulation and the experimental results. All the irradiation
modes demonstrated that the simulation predicted the thermal responses of the kidney tissue
after the irradiation with less than 10% deviation, except for the coagulation depth for the 532
nm mode (around 20%).
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Fig. 4. Numerical simulations with three irradiation modes: (A) temperature (left) and
thermal injury (right) distributions, (B) changes of thermal injury along tissue depth, and
(C) comparison of thermal injury between simulation and experiment (N = 10). Note that
irradiation times for 532 nm, 980 nm, and dual modes were 14, 10, and 4 s, respectively.

4. Discussion

The goal of the current research was to validate the feasible hemostasis of dual wavelengths
on bleeders in in vivo kidney models for eventual treatment of intraoperative bleeding during
laser prostatectomy. Due to rapid and wide thermal effects, the dual wavelengths facilitated
complete hemostasis (Fig. 2). In fact, the coagulation time (4.0 + 1.4 s) was comparable to
or even shorter than those of electrocautery (4.5~26 s; [23-25]). The combined wavelengths
were able to provide a wide thermal coagulation with a higher surface temperature and thus
to reach the deeper locations of the bleeder without any physical contact (Figs. 3 and 4). The
axial extent of coagulation was around 2 mm, which is similar to the coagulation thickness
identified from 532-nm laser prostatectomy [10,11]. Unlike the current hemostatic devices [26],
the dual irradiation can avoid any contact-induced complications, such as carbonization and
tissue adhesion. Thus, application of the dual wavelengths can be a feasible method to facilitate
hemostasis with a thin thermal coagulation. In addition, the complete and rapid hemostasis may
secure a clear cystoscopic view during laser BPH treatment and reduce the procedure time by not
having to change to hemostatic devices. However, further investigations should be performed to
validate these potential clinical benefits of using the dual irradiation.
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The dominant mechanism for the proposed method is the enhancement of photothermal
effects by irradiating two different wavelengths. As hemoglobin highly absorbs 532 nm light,
532-nm laser prostatectomy can selectively increase the temperature near the bleeding surface
(above and below) to develop an optical-thermal barrier for lowering optical energy coupling
and to induce small thermal lesions along with superficial hemostasis and partial carbonization
[8,12]. In spite of the partial carbonization on the tissue surface, histology analysis evidenced no
palpable carbonization in the cross-sectional kidney tissue [Figs. 2(B) and 3(A)]. In addition,
the simulated surface temperature (100 °C) was still lower than the carbonization threshold
(>150 °C) [8,13]. Thus, the outflowing blood near the bleeder could have undergone excessive
local heat accumulation and could have been partially carbonized during the 532-nm irradiation.
Simultaneously, 980 nm with low absorption by water can cause deep optical penetration into
the tissue to expand the temperature distribution, which can eventually coagulate the peripheral
tissue surrounding a bleeding channel (up to 4 mm; Fig. 3) [8,12]. However, it is conceived that
the optical penetration could decrease with development of superficial tissue coagulation [11]. In
spite of comparable coagulation areas in Fig. 3, the dual mode attained the complete hemostasis
faster than the 980 nm mode (Table 1). Thus, the collective thermal effects on both the surface
and deep tissue levels could accelerate a wide heat distribution around the expected bleeding
source.

The dual wavelengths delivered a higher laser power (60 W) than the single modes (20 W
for 532 nm and 40 W for 980 nm) because of the direct combination of the two wavelengths.
However, the irradiation time for complete hemostasis using dual wavelengths was shorter than
those of the single modes (Fig. 2), indicating a rapid and sufficient temperature rise for hemostasis
without excessive thermal injury. In fact, the dual mode delivered less total energy (240 J =60 W
x4 s) compared to the single modes (280 J =20 W x 14 s for 532 nm and 400 J =40 W x 10 s for
980 nm) because of the shorter hemostasis time. Numerical simulations and histological analysis
confirmed that the dual mode caused a slightly higher surface temperature with no carbonization,
compared to the single modes (Figs. 3 and 4). It is conceived that the surface temperature can
still be lower than the carbonization threshold (>150 °C), and the irradiation could be too short
to accumulate thermal energy for initiating the carbonization. Therefore, the instant temperature
increase and the wide temperature distribution may be responsible for the rapid and complete
hemostasis with the dual-wavelength application.

According to Fig. 4(C), the coagulation depth from 532 nm was up to 20% thinner than
that from the 532 nm simulation. The difference between the simulation and experimental
results could be from the partial absorption and scattering of the incident 532 nm light by
blood outflowing from the tissue surface. The reduced amount of laser energy could thereby be
delivered to the bleeder and merely increase temperature at the tissue surface, contributing to the
limited thermal coagulation and the incomplete hemostasis. Superficial carbonization showed
the accumulation of volumetric heat near the surface after a long irradiation time (up to 14 s) as
there was no hemostasis. In addition, absorption coefficients varying with temperature can be
responsible for the differences between the simulation and the experimental results [Fig. 4(C)].
The dynamic changes in the optical properties could reduce the amount of light absorption,
leading to less development of interstitial tissue temperature and thermal coagulation in the
experiments. Moreover, the effect of dynamic optical properties due to the coagulation could
induce non-linear optical-thermal responses during the irradiation, possibly enhancing hemostasis
with the dual wavelengths. Further numerical studies will be needed to investigate the effects of
changes in the optical properties during the dual-wavelength irradiation. Both 980 nm and dual
mode exhibited similar thermal behaviors in terms of degree of coagulation and temperature
distribution. Unlike the dual mode, the 980 nm mode partly attained complete hemostasis (70%),
possibly due to relatively slower heating [8]. Although low light absorption can cause a deep
optical and thermal penetration into tissue, the tissue surface temperature increased by the 980
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nm mode may have been insufficient to stop the bleeding at the surface level. Thus, the dual
mode can compensate for the inherent limitations of both single wavelengths for combining a
rapid development of surface temperature with a deep and wide heat distribution around the
bleeder as enhanced photothermal effects.

Although the current study explored the hemostatic capability of dual wavelengths in vivo,
experimental limitations remain for laser prostatectomy. While the prostate has glandular and
stromal tissues, the kidney has mainly glandular tissue. In our study, the punctured wound
initiated bleeding in the kidney, but this may not fully reflect pulsatile bleeding (less pressurized).
In addition, the current findings evaluated the acute responses of live tissue, such as extent of
coagulation and cellular deformation. Further studies are underway to evaluate the proposed
method with various bleeding models in terms of irradiation regions (i.e., 532 nm for surface
and 980 nm for 2 mm below surface), blood vessel types (artery and vein), and wound shapes
to confirm the efficacy of the dual-wavelength hemostasis. An additional arm of 60-W 980 nm
mode will also be assessed to match the applied power of the dual mode and to compare to the
current findings. Particularly, to better comprehend the underlying mechanism for the current
findings, further experiments at an equivalent total power level should be performed for the dual
mode. Different combinations such as 10-W 532 nm + 30-W 980 nm and 20-W 532 nm + 20-W
980 nm may elucidate whether the augmented coagulation by the dual mode results from the
effect of the total power or the combination of the two wavelengths. For clinical translation, an
optical beam combiner is being designed and fabricated to couple both wavelengths into a single
side-firing optical fiber for simultaneous light delivery. Conceivably, the recent advancement of
laser diode technology can reduce the potential cost of adding a low-power, infrared wavelength
to the current 532 nm laser system. With parametric optimization, the proposed hemostatic
technique will be assessed with bleeders in in vivo canine prostate tissue as a well-established
model [9] to explore chronic healing responses of the treated tissue considering inflammatory
activity, collagenous fibrosis, and delayed hemorrhage.

5. Conclusion

The current study demonstrated the potential hemostatic characteristics of irradiation with single-
and dual-wavelength on bleeders in an in vivo kidney model for treatment of intraoperative
bleeding during laser prostatectomy. Both a sudden increase of near-surface temperature
and a deep thermal penetration from the dual-wavelength irradiation enhanced the collective
photothermal effects, leading to the rapid and complete hemostasis with no carbonization. Future
in vivo investigations may further substantiate these favorable features that appear to improve the
hemostatic effects of the dual wavelengths on bleeders during laser prostatectomy.
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